We investigate p-type GaN : Mg materials using noise spectroscopy. The epitaxial Mg-doped GaN layers were grown on a sapphire substrate by metalorganic chemical vapour deposition. Significant generation-recombination noise is observed and shown to be linked to metastable DX-like centres. We correlate these centres with metastable defects with optical ionization energies 1.1 eV and 1.9 eV, respectively, reported in previous work. The energy barriers for capture into and emission from the fundamental state are quantitatively determined. We propose a model for the configuration coordinate diagram that explains the persistent photoconductivity in GaN : Mg in the light of our results obtained from noise spectroscopy.
Introduction
Gallium nitride has become one of the most investigated materials for optoelectronic devices. Large direct bandgap and strong interatomic bonds enable the material to be exploited in short-wavelength devices, such as for emission in the ultraviolet (UV) and at the blue wavelength. At the present time, several obstacles limit the further development of GaN devices. For instance, although successful p-type doping has been achieved with magnesium the material is still strongly compensated and has high resistivity, low mobility and high conductivity thermal activation energy. The presence of point defects, their origin and their effect on the transport properties of the material are still not well documented. Persistent photoconductivity (PPC) has been observed in Mg-doped p-type GaN films but its origin is still not well known [1] [2] [3] . The PPC is expected to degrade the performance of UV and x-ray detectors and field-effect transistors. The role of deep levels in the PPC behaviour is not clear. In a previous paper, we reported the observation of two metastable deep levels in Mg-doped GaN and showed that they are partially responsible for the PPC. Noise spectroscopy can be a powerful tool for examining compound semiconductors [4, 5] .
In this work, we used electronic noise analysis to determine the thermal capture and emission energies of the traps. In the light of these results we propose a configurationcoordinate diagram similar to that of DX-centres in AlGaAs to explain the metastability of the observed defects.
Experimental
We investigated the noise properties of epitaxial GaN : Mg thin films grown by MOCVD on c-plane sapphire substrates. The thickness of the GaN film is about 1 µm. The Mg concentration is (2-5) × 10 19 cm −3 . We annealed the as-grown samples under N 2 flow at 800˚C for 20 min. Hall effect measurements performed on the samples yield a free hole concentration of p = 1 × 10 17 cm −3 and a hole mobility of µ p = 10 cm 2 V −1 s −1 . Ohmic contacts were fabricated by evaporating Au/Ni onto the samples followed by annealing at 800˚C for 30 min. For the noise measurements, voltage fluctuations across the sample were amplified with a preamplifier and analysed with a HP fast-Fourier transform spectrometer. A current source together with a series resistor supplied the constant current necessary for the non-thermal noise measurements.
The simplest source of generation-recombination (g-r) noise is a two level system (TLS). The electronic noise arising from DX-centres in AlGaAs has been interpreted following this idea [4] . It has been shown [6] that the g-r noise S(f ) arising from a single TLS exhibits a peak at the frequency f p = 1/2πτ p with the value 
To determine τ e and τ c one usually uses the assumption that one of the two lifetimes, τ e or τ c is much larger than the other, i.e. τ e τ c , f p = 1/2πτ c and f
3 τ e . The smaller of the two activation energies (which is usually the capture energy, but not always) can be obtained from the slope of T 2 τ c versus 1/T in a semi-log scale. The slope of
gives the larger of the two activation energies. More details can be found in [4] .
The 1/f noise is a conductance fluctuation in which the noise spectrum is inversely proportional to the frequency. For a homogeneous material, the noise power spectrum density for a 1/f noise process is given by
where α is a dimensionless constant referred to as the Hooge parameter, and N is the total number of free carriers. The Hooge parameter is used for assessing the relative noise in different materials. Despite the fact that the causes of the 1/f noise are not completely understood, the magnitude of the 1/f noise is affected by defect traps located in the bulk material or at the surface.
Results and discussion
In previous work we reported the observation of two deep centres T1 and T2 with optical ionization energies of 1.1 eV and 1.9 eV, respectively [7] . We attributed the T1 and T2 centres to Mg. We also demonstrated that both centres are metastable and responsible for a part of the PPC observed in the samples. As increased structural inhomogeneity implies an increase in crystal defects and interfaces, it is reasonable to expect an increase in the magnitude of 1/f noise. The S v /V 2 spectrum, for frequencies in the range 1-30 Hz and temperatures between 250 and 400 K, is strongly correlated to the microstructure [8] . Using the assumptions in [5] , the Hooge parameter was calculated using the volume between the voltage contacts. Values of α = 10-100 were obtained for our samples. In homogeneous materials the Hooge parameter is usually α 10 −3 [9] . Hence, the high value of α measured in our samples suggests the presence of a large level of structural imperfections. The noise value and frequency dependence of the noise may be changed considerably by appropriate annealing. In a few samples equipped with a Schottky contact and annealed at 500˚C for 1 min the Hooge parameter is as small as α 10 −6 . It appears, therefore, that annealing at higher temperatures for a longer time increases the Hooge parameter. Figure 1 shows the noise power spectral density normalized to the 1/f noise at 300 K. Before the normalization the spectra exhibit a clear 1/f noise at low frequencies. As shown, the experimental data fit with a g-r noise source. Instead of focusing our studies on the noise versus frequency spectra we find it more convenient to investigate the changes in the noise as a function of temperature for a given frequency. Figure 2 shows representative examples of the noise power versus temperature at 10 and 100 Hz. Curves (a) and (b) were measured in the dark whereas curve (c) was measured for a frequency of 10 Hz after illumination of the sample at 1.5 eV for 10 min. Each point of the curves has been constructed by averaging 100 acquired noise versus frequency spectra. Because the non-thermal noise was dominant in our samples it was not necessary to correct the spectra for thermal noise and amplifier noise. However, the 1/f noise was quite significant and, therefore, it was convenient to multiply the signal S/V 2 by the frequency f . In this case, the 1/f noise appears as a constant background. The curves in figure 1 are dominated by a single broad peak. In our data analysis we decided to determine T p , the peak temperature, from the peak amplitude of the noise curve. We repeated the measurements at several frequencies and observed that the value of T p is frequency dependent. Further, we illuminated the sample using a 1.5 eV photon energy light before measurement and noticed that the noise spectrum no longer exhibited a significant maximum. The lines are least-square fits to the data points. It is clear that the experimental data can be fitted with a straight line suggesting that the observed peak is due to g-r noise from a deep defect. The activation energy determined from the slope in figure 2 is E 1 = 45 ± 4 meV. Given the explanation above, this activation energy should be taken for the smaller of the capture and emission energies of the corresponding centre.
In figure 4 we have plotted T 2 /f 2 p S versus 1000/T . Once again the line is the least-squares fit to the data. As noted above, the activation energy from figure 3 should account for the larger of the capture and emission energies. The slope gives a value of E 2 = 0.42 ± 0.02 eV, which we note is much larger than E 1 . These energies must be associated with the capture and emission process of a deep centre in the material. The fact that the noise signal is not observed when the sample has been primarily illuminated with a 1.5 eV photon energy light suggests that this centre is correlated to the T1 defect. Indeed, the T1 defect has an optical ionization energy of 1.1 eV and is, therefore, photo-ionized with the 1.5 eV photon energy light. When the T1 centre is in its metastable state after photoionization there should be less g-r recombination of holes at its fundamental state, and this explains why we do not observe any noise signal from the defect in this case. The T2 centre is not photo-ionized with the 1.5 photon energy light and, therefore, it is still able to exhibit a noise signal. However, since our noise signal disappears after illumination we deduce that T2 does not contribute in this signal. Hence the g-r noise signal observed here originates from T1, which allows us to determine the emission and capture energies of the trap. In addition, in our previous work we investigated the decay of the PPC from this centre. The activation energy of the lifetime of the PPC from T1, which we estimated by investigating the PPC at various temperatures, is quite close to E 1 . Therefore, we attribute E 1 and E 2 to the capture and emission barriers, respectively. These results suggest a DX-like behaviour for the metastable centre T1. The value of the capture energy is similar to that measured for Si-related centres observed in AlGaN [10] . Taking into account the various energy values that we determined using photocapacitance and noise spectroscopy we can draw a simplified DX-like configuration coordinate diagram of the T1 centre in GaN : Mg as shown in figure 5 .
The noise peak as a function of frequency becomes broader at temperatures above 350 K, which suggests that there may be contributions from more than only one defect. This is possibly a contribution from the T2 defect. Further measurements are needed to refine this hypothesis.
Conclusion
We have observed DX-like behaviour in Mg-doped GaN. Using noise spectroscopy we demonstrated the presence of two metastable defects that are partially responsible for the PPC usually observed in this material. We showed that the noise in GaN : Mg is significantly controlled by g-r from these metastable states. We have measured all the energies related to the DX-like centre and proposed a configuration coordinate diagram that described the metastability in our materials. Investigations of the 1/f noise suggests that the latter is mainly due to mobility fluctuations and that there is a large level of structural imperfection in the GaN materials.
